Introduction
============

Cardiovascular complications represent the main cause of hospitalization and death in diabetic patients.[@b1-dddt-10-2095] Diabetic cardiomyopathy (DCM) is an independent complication of diabetes characterized by myocardial dysfunction in the absence of other heart diseases.[@b2-dddt-10-2095] Diabetic patients have a worse prognosis and are more susceptible to heart failure than hypertension or ischemic heart disease patients.[@b3-dddt-10-2095] Previous studies have demonstrated that hyperglycemia, hyperlipidemia, inflammation, apoptosis, and oxidative stress are probably involved in DCM pathophysiology.[@b4-dddt-10-2095]--[@b6-dddt-10-2095] Hyperglycemia-derived reactive oxygen and nitrogen species (ROS and RNS) play a central role in DCM.[@b7-dddt-10-2095] In addition, chronic low-grade inflammation is a feature of DCM in human diabetics.[@b8-dddt-10-2095] As an early response to myocardial injury, inflammatory signaling in cardiomyocytes entails an activation of nuclear factor-κB and increased expression of proinflammatory cytokines such as interleukin-6 (IL-6) and tumor necrosis factor-alpha.[@b9-dddt-10-2095]

The Janus kinase/signal transducer and activator of transcription (JAK/STAT) signaling pathway is an intracellular signaling pathway closely related to cardiac hypertrophy.[@b10-dddt-10-2095] This pathway plays a key role in cell growth, survival, and differentiation and in regulating gene expression.[@b11-dddt-10-2095] Upon phosphorylation by JAK, STAT proteins translocate into the nucleus, bind to the promoter region of target genes, and regulate their transcription.[@b12-dddt-10-2095] In the heart, STATs regulate the expression of gene encoding proteins involved in angiogenesis, extracellular matrix composition, inflammation, apoptosis, and cellular signaling.[@b13-dddt-10-2095],[@b14-dddt-10-2095] IL-6 and its family-related proteins transduce their signals via glycoprotein 130 (gp130) mostly to STAT3 and play a key role in the development of heart failure and cardiac hypertrophy.[@b15-dddt-10-2095] It has been indicated that high glucose activates the JAK/STAT signaling of vascular endothelial cells in vitro through phosphorylation of JAK2 and subsequently STAT3, leading to the proliferation of endothelial cells.[@b16-dddt-10-2095] Thus, modulation of the IL-6-gp 130-JAK/STAT signaling pathway represents an important strategy for the treatment of DCM.

Dipeptidyl peptidase-4 (DPP-4) inhibitors, as sitagliptin, are a class of antidiabetic drugs that inhibit the degradation of insulinotropic incretins, mainly glucagon-like peptide-1 (GLP-1).[@b17-dddt-10-2095] GLP-1 is released from intestinal L-cells and regulates circulating glucose levels by enhancing insulin secretion. Studies showed that GLP-1 confers cardioprotection after congestive heart failure, ischemia, and myocardial infarction.[@b18-dddt-10-2095],[@b19-dddt-10-2095] Sitagliptin has been reported to promote cardioprotection in type 2 diabetic hearts via GLP-1 stabilization and by limiting hyperglycemia and hyperlipidemia.[@b20-dddt-10-2095] However, the issues of an involvement of the JAK/STAT pathway modulation in the protective effects of sitagliptin against DCM have not been previously reported. Therefore, we have investigated the cardioprotective role of sitagliptin in streptozotocin (STZ)-induced diabetic rats, focusing on its modulatory effect on the JAK/STAT pathway.

Materials and methods
=====================

STZ and sitagliptin (Januvia) were purchased from Sigma-Aldrich (St Louis, MO, USA) and Merck & Co., Inc. (Whitehouse, NJ, USA), respectively. Rabbit polyclonal anti-phospho-JAK2 and goat anti-phospho-STAT3 (pSTAT3) were supplied by Santa Cruz Biotechnology Inc. (Dallas, TX, USA). All other chemicals were of analytical grade and were obtained from standard commercial supplies.

Experimental animals
--------------------

Male Wistar rats (10 weeks old) weighing between 140 and 160 g, obtained from the Experimental Animal Center, College of Pharmacy, King Saud University (Saudi Arabia), were used in this investigation. Rats were housed in special cages at controlled temperature of 20°C--22°C and humidity of 60%, fed a standard rat pellet chow with free access to tap water ad libitum and kept for 1 week before the experiment for acclimatization. All animal procedures were performed in accordance with the guidelines provided by the Experimental Animal Laboratory and approved by the Animal Care and Use Committee of the College of Pharmacy, King Saud University (Saudi Arabia).

Induction of type 1 diabetes mellitus and experimental design
-------------------------------------------------------------

Diabetes was induced in overnight fasted rats by a single intraperitoneal injection of 55 mg/kg body weight (BW) freshly prepared STZ, dissolved in 0.1 M citrate buffer (pH 4.5). Seventy-two hours later, blood glucose levels were determined using MEDISAFE MINI blood glucose reader (TERUMO Corporation, Hatagaya, Tokyo, Japan), and rats having blood glucose levels \$200 mg/dL were selected for the experiment.

Thirty-two (16 normal +16 diabetic) rats were divided into four equal groups, each consisting of eight (N=8) animals as follows: Group I: ControlGroup II: Control +100 mg/kg/day sitagliptinGroup III: DiabeticGroup IV: Diabetic +100 mg/kg/day sitagliptin.

Sitagliptin was dissolved in water and supplied for 90 days via oral gavage; the dosage was balanced as indicated by any change in the BW over the entire period of study. At the end of the experiment, blood samples collected from each animal were allowed to coagulate at room temperature and then centrifuged at 3,000 rpm for 15 minutes to separate serum. Immediately after sacrifice, hearts were quickly excised, cleaned, and perfused with ice-cold saline and homogenized in phosphate-buffered saline or fixed in 10% formalin.

Determination of troponin I and creatine kinase MB
--------------------------------------------------

Serum levels of troponin I and activity of creatine kinase MB (CK-MB) were measured using specific rat enzyme-linked immunosorbent assay kits purchased from EIAab (Wuhan, People's Republic of China) according to the manufacturer's instructions. Standard curves were prepared and troponin I and CK-MB in the samples were determined from the prepared standard curves.

Determination of lipid profile and cardiovascular risk indices
--------------------------------------------------------------

Serum levels of total cholesterol, triglycerides, and high-density lipoprotein (HDL) cholesterol were assayed according to the methods of Allain et al,[@b21-dddt-10-2095] Fossati and Prencipe,[@b22-dddt-10-2095] and Burstein et al[@b23-dddt-10-2095] using commercial diagnostic kits purchased from United Diagnostics Industry (Riyadh, Saudi Arabia). Serum low-density lipoprotein (LDL) cholesterol level was calculated from the formula: $$\begin{array}{l}
{\text{LDL}\ \text{cholesterol} =} \\
{\text{Total}\ \text{cholesterol} - \left( {\left\lbrack \frac{\text{Triglycerides}}{5} \right\rbrack + \text{HDL}\ \text{cholesterol}} \right)} \\
\end{array}$$

Very low-density lipoprotein (vLDL) cholesterol concentration was calculated according to the following formula: $$\text{vLDL}\ \text{cholesterol} = \frac{\text{Triglycerides}}{5}$$

Cardiovascular risk indices were calculated according to Ross[@b24-dddt-10-2095] as follows: $$\text{Cardiovascular}\ \text{risk}\ \text{index}\ 1 = \frac{\text{Total}\ \text{cholesterol}}{\text{HDL}\ \text{cholesterol}}$$ $$\text{Cardiovascular}\ \text{risk}\ \text{index}\ 2 = \frac{\text{LDL}\ \text{cholesterol}}{\text{HDL}\ \text{cholesterol}}$$

Determination of oxidative stress and antioxidant defenses
----------------------------------------------------------

Lipid peroxidation (assayed as malondialdehyde), reduced glutathione (GSH), and nitric oxide (NO) levels were determined in heart homogenate according to the methods of Preuss et al,[@b25-dddt-10-2095] Beutler et al,[@b26-dddt-10-2095] and Montgomery and Dymock,[@b27-dddt-10-2095] respectively. Activities of the antioxidant enzymes, superoxide dismutase and catalase, were measured according to the methods of Marklund and Marklund[@b28-dddt-10-2095] and Cohen et al,[@b29-dddt-10-2095] respectively. Protein content was determined using Bradford reagent.

Determination of IL-6
---------------------

Levels of IL-6 were determined in the cardiac homogenates using specific enzyme-linked immunosorbent assay kits (R&D Systems, Inc., Minneapolis, MN, USA) following the manufacturer's instructions. Concentration of IL-6 in the samples was determined from standard curve constructed by using standard cytokine.

Histopathological study
-----------------------

Histological processing was prepared as described previously.[@b30-dddt-10-2095] The excised hearts were cleaned and fixed in 10% buffered formalin for 24 hours. The fixed samples were processed to prepare 5-μm thick paraffin sections, which were then stained with hematoxylin and eosin (H&E) and Masson's trichrome stains. High-resolution digital scans of all stained slides were created with a ScanScope scanner (Aperio Technologies, Vista, CA, USA) and were viewed and analyzed using Aperio's viewing and image analysis tools.

Immunohistochemical examination of pJAK2 and pSTAT3
---------------------------------------------------

Immunostaining of the heart sections for the detection of pJAK2 and pSTAT3 was performed using streptavidin-biotinylated horseradish peroxidase (Novalink Max Polymer detection system; Novocastra Laboratories, Newcastle, UK). In brief, sections were incubated in 3% hydrogen peroxide in distilled water for 5 minutes to block endogenous peroxidase activity and then washed in Tris-buffered saline (pH 7.6) for 10 minutes. Nonspecific binding of antibodies was blocked by incubation with protein block (Novocastra) for 5 minutes. Sections were incubated with rabbit polyclonal anti-pJAK2 and goat polyclonal anti-pSTAT3 primary antibodies (Santa Cruz Biotechnology Inc.) diluted 1:100 at room temperature for 1 hour. The sections were washed in Tris-buffered saline three times and incubated with biotinylated IgG (Novocastra) for 30 minutes. After washing in Tris-buffered saline and incubation with Novolink polymer (Novocastra) for 30 minutes, peroxidase was detected with diaminobenzedine substrate (Novocastra). Sections were then washed in distilled water, stained with Mayer's hematoxylin, and mounted in DPX. The same procedure, with the omission of incubation in primary antibodies, was followed for negative control sections.

Statistical analysis
--------------------

Data were analyzed using GraphPad Prism 5 (GraphPad Software, Inc., La Jolla, CA, USA), and all statistical comparisons were made by means of the one-way analysis of variance test followed by Tukey's test post hoc analysis. Results were expressed as mean ± standard error of the mean and a *P*-value \<0.05 was considered significant.

Results
=======

Sitagliptin represses hyperglycemia and BW loss and prevents cardiac hypertrophy in diabetic rats
-------------------------------------------------------------------------------------------------

BW of control and diabetic rats showed nonsignificant (*P*\>0.05) differences at the start of the treatment period ([Table 1](#t1-dddt-10-2095){ref-type="table"}). After 90 days, diabetic rats exhibited a significant (*P*\<0.001) decrease in BW when compared with the normal control rats. Treatment with sitagliptin significantly (*P*\<0.05) protected against diabetes-induced BW loss. On the other hand, heart-to-body weight (HW/BW) ratio showed a significant (*P*\<0.01) increase in diabetic rats when compared with the control group. Sitagliptin administration produced a significant (*P*\<0.01) decrease in HW/BW ratio in the diabetic rats.

Diabetic rats showed a significant (*P*\<0.001) increase in blood glucose levels both before and after the treatment period. Treatment of the diabetic rats with sitagliptin for 90 days significantly (*P*\<0.001) alleviated blood glucose levels.

Of note, sitagliptin produced a nonsignificant (*P*\>0.05) effect on BW, HW, and blood glucose parameters when supplemented to control rats.

Sitagliptin reduces circulating troponin I and CK-MB in diabetic rats
---------------------------------------------------------------------

Data represented in [Figure 1](#f1-dddt-10-2095){ref-type="fig"} show the effects of sitagliptin on troponin I levels and CK-MB activity in serum of control and diabetic rats. STZ-induced diabetic rats exhibited significant (*P*\<0.01) increase in serum troponin I levels when compared with the control rats. Treatment of diabetic rats with sitagliptin for 90 days produced a marked (*P*\<0.01) decrease in serum troponin I levels ([Figure 1A](#f1-dddt-10-2095){ref-type="fig"}).

Similarly, STZ administration produced a significant (*P*\<0.05) increase in serum CK-MB activity. Oral treatment of the STZ-induced diabetic rats with sitagliptin significantly (*P*\<0.05) ameliorated the altered CK-MB activity, as depicted in [Figure 1B](#f1-dddt-10-2095){ref-type="fig"}. Oral supplementation of sitagliptin to the normal rats produced a nonsignificant (*P*\<0.05) effect on either serum troponin I levels or CK-MB activity.

Sitagliptin alleviates lipid profile and cardiovascular risk indices in diabetic rats
-------------------------------------------------------------------------------------

Data summarized in [Figure 2](#f2-dddt-10-2095){ref-type="fig"} represent the effect of sitagliptin on serum lipid profile and cardiovascular risk indices in both control and STZ-induced diabetic rats. Diabetic rats exhibited significant (*P*\<0.001) increase in serum cholesterol ([Figure 2A](#f2-dddt-10-2095){ref-type="fig"}), triglycerides ([Figure 2B](#f2-dddt-10-2095){ref-type="fig"}), LDL cholesterol ([Figure 2C](#f2-dddt-10-2095){ref-type="fig"}), and vLDL cholesterol levels ([Figure 2D](#f2-dddt-10-2095){ref-type="fig"}) when compared with the corresponding control group. HDL cholesterol showed a significant (*P*\<0.001) decrease in serum of STZ-induced diabetic rats ([Figure 2E](#f2-dddt-10-2095){ref-type="fig"}). On the other hand, diabetic rats treated with sitagliptin for 90 days showed significant (*P*\<0.001) alleviation in all parameters of the lipid profile. Control rats treated with sitagliptin showed a nonsignificant (*P*\>0.05) change in their lipid profile when compared with the control group.

To explore the impact of diabetes-induced hyperlipidemia and protective effect of sitagliptin on the heart, the cardiovascular risk indices, total cholesterol/HDL cholesterol ([Figure 2F](#f2-dddt-10-2095){ref-type="fig"}), and LDL cholesterol/HDL cholesterol ([Figure 2G](#f2-dddt-10-2095){ref-type="fig"}) were calculated. Diabetic rats showed significant (*P*\<0.001) increase in both total cholesterol/HDL cholesterol and LDL cholesterol/HDL cholesterol ratios when compared with the control rats. Conversely, diabetic rats supplemented with sitagliptin for 90 days exhibited marked (*P*\<0.001) improvement in their recorded cardiovascular risk indices. As expected, sitagliptin produced a nonsignificant (*P*\>0.05) effect on total cholesterol/HDL cholesterol and LDL cholesterol/HDL cholesterol ratios when supplemented to normal rats.

Sitagliptin attenuates oxidative stress in heart of diabetic rats
-----------------------------------------------------------------

To investigate the effect of sitagliptin on the cardiac redox status, lipid peroxidation, NO, and activity of antioxidant enzymes under homeostatic and diabetic conditions were determined.

STZ-induced diabetic rats exhibited significantly (*P*\<0.001) increased malondialdehyde and NO levels in the heart as compared with their respective normal controls. Treatment of the diabetic rats with sitagliptin for 90 days markedly (*P*\<0.001) decreased cardiac malondialdehyde ([Figure 3A](#f3-dddt-10-2095){ref-type="fig"}) and NO levels ([Figure 3B](#f3-dddt-10-2095){ref-type="fig"}).

In contrast, GSH content in the heart of diabetic rats was significantly (*P*\<0.001) declined, as represented in [Figure 3C](#f3-dddt-10-2095){ref-type="fig"}. Treatment with sitagliptin produced a significant (*P*\<0.001) alleviation of cardiac GSH content in diabetic rats. Activities of the antioxidant enzymes, superoxide dismutase ([Figure 3D](#f3-dddt-10-2095){ref-type="fig"}) and catalase ([Figure 3E](#f3-dddt-10-2095){ref-type="fig"}), were investigated in control and diabetic rats, and it was found that the activities of the enzymes exhibited a significant decrease in GSH content of the heart of diabetic rats, an effect that was significantly reduced after the administration of sitagliptin. Concerning its effects on the redox status in normal rats, sitagliptin exerted a nonsignificant effect.

Sitagliptin decreases cardiac IL-6 levels in diabetic rats
----------------------------------------------------------

The proinflammatory cytokine IL-6 showed a significant (*P*\<0.001) increase in the heart of diabetic rats when compared with the control group ([Figure 4](#f4-dddt-10-2095){ref-type="fig"}). Treatment of the diabetic rats with sitagliptin for 90 days significantly (*P*\<0.001) improved cardiac levels of IL-6. In addition, sitagliptin supplementation to normal rats produced a nonsignificant (*P*\>0.05) effect on cardiac IL-6 levels when compared with the control rats.

Sitagliptin improves histological architecture and decreases collagen deposition in diabetic rats
-------------------------------------------------------------------------------------------------

Histopathological examination of the H&E-stained heart sections of control rats showed normal heart tissue with normal features of myocardium cells, blood vessels, and endomysium ([Figure 5A](#f5-dddt-10-2095){ref-type="fig"}). Heart sections from sitagliptin-treated rats revealed apparently normal endocardium, myocardium, and endomysium ([Figure 5B](#f5-dddt-10-2095){ref-type="fig"}). On the other hand, sections in the heart of STZ-induced diabetic rats showed focal areas of myocardium degeneration and many myocardium cell degeneration ([Figure 5C](#f5-dddt-10-2095){ref-type="fig"}). Diabetic rats treated with sitagliptin ([Figure 5D](#f5-dddt-10-2095){ref-type="fig"}) showed few myocardial cell degenerations.

To demonstrate the effects of diabetes and treatment with sitagliptin on collagen deposition, heart sections were stained with Masson's trichrome. Heart sections showed normal distribution and normal amount of cardiac fibrous tissue in both control and sitagliptin-treated rats, as represented in [Figure 6A and B](#f6-dddt-10-2095){ref-type="fig"}, respectively. Sections from the heart of STZ-induced diabetic rats ([Figure 6C](#f6-dddt-10-2095){ref-type="fig"}) showed large patches of strong fibrous tissue reactivity. STZ-induced diabetic rats treated with sitagliptin showed small patches of fibrous tissue in the Masson's trichrome-stained heart sections ([Figure 6D](#f6-dddt-10-2095){ref-type="fig"}).

Sitagliptin reduces cardiac JAK2 and STAT3 phosphorylation in diabetic rats
---------------------------------------------------------------------------

The effect of sitagliptin on the expression of pJAK2 and pSTAT3 in the heart of normal and diabetic rats was determined by immunohistochemical staining. Heart sections from control and sitagliptin-treated rats, immunostained with pJAK2 primary antibody, revealed negative immune reaction of the nuclei and cytoplasm ([Figure 7A and B](#f7-dddt-10-2095){ref-type="fig"}). Heart sections of the STZ-induced diabetic rats showed strong immune reactivity of myocardium cell nuclei and moderate immune reaction of the cytoplasm ([Figure 7C](#f7-dddt-10-2095){ref-type="fig"}). In contrast, sitagliptin-treated diabetic rats showed few immunopositive nuclei ([Figure 7D](#f7-dddt-10-2095){ref-type="fig"}).

Similarly, the immunohistochemical staining of the heart with pSTAT3 primary antibody revealed the absence of immune positivity especially in the nuclei of normal control ([Figure 8A](#f8-dddt-10-2095){ref-type="fig"}) and sitagliptin-treated rats ([Figure 8B](#f8-dddt-10-2095){ref-type="fig"}). STZ-induced diabetic rats showed strong immune reactivity of almost all of myocardium cell nuclei and the endocardium endothelium cells ([Figure 8C](#f8-dddt-10-2095){ref-type="fig"}). On the other hand, diabetic rats treated with sitagliptin for 90 days showed many immunopositive nuclei of both endocardium endothelium and myocardium cells ([Figure 8D](#f8-dddt-10-2095){ref-type="fig"}).

Discussion
==========

The JAK/STAT signaling pathway regulates different genes involved in inflammation, fibrosis, and cell growth and differentiation.[@b11-dddt-10-2095],[@b12-dddt-10-2095] The present study outlines the protective effects of sitagliptin against diabetes-induced cardiomyopathy in STZ-induced diabetic rat model. Sitagliptin attenuated cardiac oxidative stress, inflammation, and collagen deposition and reduced the JAK/STAT expression, thus suggesting the potential benefit of sitagliptin to halt the progression of DCM.

As previously reported STZ-induced diabetic rats exhibited BW loss and increased blood glucose.[@b31-dddt-10-2095],[@b32-dddt-10-2095] Treatment of the STZ-induced diabetic rats with sitagliptin was associated with reduced blood glucose that may have contributed to the greatly alleviated BW. In contrast, we observed no difference in blood glucose levels between sitagliptin-treated and normal rats. Similar findings were reported in the study of Connelly et al[@b33-dddt-10-2095] who studied the effect of DPP-4 inhibition on cardiac dysfunction in experimental diabetic rats. Although not necessarily seen in type 1 diabetic patients, these results are typical of STZ-induced diabetic animals in which high glucose provoked glucagon and insulin secretion is impaired.[@b34-dddt-10-2095]

Here, the STZ-induced diabetic rats showed notable increase in the HW/BW ratio, which demonstrates cardiac hypertrophy. The diabetic heart is metabolically characterized by increased fatty acid oxidation, leading to lipid accumulation in the myocardium.[@b35-dddt-10-2095],[@b36-dddt-10-2095] In the same context, Wang et al[@b37-dddt-10-2095] reported that STZ-induced diabetic rats exhibited cardiac hypertrophy after 8 weeks of diabetes induction. Sitagliptin treatment produced a positive effect on HW/BW ratio and was thus able to prevent diabetes-associated cardiac hypertrophy. DPP-4 inhibition has been reported to reduce cardiac myocyte hypertrophy and alleviate diastolic dysfunction in diabetic rats with myocardial infarction.[@b33-dddt-10-2095]

This beneficial effect of sitagliptin could be directly attributable to the lowered serum lipids and increased HDL cholesterol levels. Serum total cholesterol, triglycerides, and LDL cholesterol were significantly increased, and HDL cholesterol was significantly decreased in diabetic rats, an effect that was reversed following sitagliptin treatment. In diabetes, the elevated level of serum lipids causes the risk of coronary heart disease[@b38-dddt-10-2095] while HDL was found to be cardioprotective.[@b39-dddt-10-2095] In addition, the recorded values of atherogenic indices showed the bad impact of diabetes-induced dyslipidemia on the cardiovascular system and were further confirmed by the elevated levels of CK-MB and troponin I. Increases in circulating levels of CK-MB represent a sensitive and powerful predictor of increased cardiac complications.[@b40-dddt-10-2095] Furthermore, studies have demonstrated the relation between CK-MB and troponin I elevation and the onset of myofibrillar disintegration and increased permeability caused by inflammation.[@b41-dddt-10-2095] Recently, we have demonstrated elevations in CK-MB and troponin I in rats with cardiac hypertrophy.[@b30-dddt-10-2095] Reduction of these indices in sitagliptin-treated diabetic rats strongly supports the notion that DPP-4 inhibitors may reduce the risk of developing heart diseases.

Oxidative stress constitutes an important factor implicated in the development of DCM. Several lines of evidence indicate that hyperglycemia in diabetes is associated with increased mitochondrial production of ROS and RNS.[@b42-dddt-10-2095] In addition, elevated free fatty acids in the diabetic heart modulates the mitochondrial electron chain and activates nicotinamide adenine dinucleotide phosphate oxidases to generate superoxide.[@b43-dddt-10-2095] Superoxide can combine with NO forming highly reactive and damaging peroxynitrite species.[@b44-dddt-10-2095] The current findings showed increased lipid peroxidation and NO levels in the heart of STZ-induced diabetic rats, demonstrating oxidative stress condition. Lipid peroxidation, produced from the reaction of ROS with membrane lipids, has been associated with altered membrane structure and enzyme inactivation.[@b45-dddt-10-2095] This enhancement of lipid peroxidation might be due to hyperglycemia-induced free radical production. The elevated NO levels could be directly connected to activated inducible NO synthase. A previous study has demonstrated that inducible NO synthase is able to generate superoxide anions independent of NO production.[@b46-dddt-10-2095]

By comparison, STZ-induced diabetic rats exhibited significant decrease in cardiac GSH content as well as activity of antioxidant defense enzymes. GSH depletion has been linked to declined cellular defense against ROS-induced injury, leading to necrotic cell death.[@b47-dddt-10-2095] Superoxide dismutase catalyzes the dismutation of superoxide radicals to oxygen and hydrogen peroxide. The latter is converted to molecular oxygen and water. Glutathione peroxidase serves a similar antioxidant role by degrading hydrogen peroxide and lipid peroxides to water and lipid alcohols.[@b48-dddt-10-2095] Therefore, these antioxidants represent a vital line of defense against diabetes-induced oxidative stress.

Interestingly, diabetic rats treated with sitagliptin showed significant decrease in cardiac lipid peroxidation and NO levels, with concomitant enhancement of the antioxidant defenses. In agreement with our findings, treatment with sitagliptin for 6 weeks decreased lipid peroxidation in the heart of Zucker diabetic fatty rats.[@b49-dddt-10-2095] In addition, Kelleni et al[@b50-dddt-10-2095] demonstrated a protective effect of sitagliptin against doxorubicin-induced cardiotoxicity and oxidative stress in rats. Another supporting study recently conducted by Alam et al[@b51-dddt-10-2095] showed that sitagliptin prevents oxidative stress of heart and kidney in two kidney and one clip rats. These data support the premise that sitagliptin can protect against DCM via suppressing oxidative stress.

Cardiac inflammation, fibrosis, and apoptosis have been recognized in DCM[@b52-dddt-10-2095],[@b53-dddt-10-2095] as a consequence of oxidative stress.[@b54-dddt-10-2095] Therefore, diabetes induces both functional and structural disturbances in the myocardium. In the present investigation, the proinflammatory cytokine IL-6 showed a significant increase in the heart of diabetic rats. Studies demonstrated that concentrations of inflammatory cytokines including IL-6 increased in the serum of experimental animal models[@b55-dddt-10-2095] and diabetic patients,[@b56-dddt-10-2095] leading to diastolic dysfunction. The beneficial effect of sitagliptin on cardiac oxidative stress was accompanied by an improvement of IL-6 in the heart of diabetic rats. These findings point to an anti-inflammatory effect exerted by sitagliptin. In this context, Ferreira et al[@b49-dddt-10-2095] and Kelleni et al[@b50-dddt-10-2095] reported the anti-inflammatory effect of sitagliptin in Zucker diabetic fatty rats and doxorubicin-induced cardiotoxicity animal model, respectively.

The histological findings showed focal areas of myocardium degeneration and large patches of strong fibrous tissue reactivity in the heart sections of STZ-induced diabetic rats. These alterations could be directly connected to the hyperglycemia-induced oxidative stress and inflammation. Increased ROS are known to cause cardiac dysfunction by direct damage to DNA and proteins and by inducing apoptosis. Cardiac fibrosis occurs as a consequence of inflammation and cell injury[@b57-dddt-10-2095] as confirmed by various studies[@b4-dddt-10-2095],[@b58-dddt-10-2095] where suppression of inflammation has been shown to improve DCM, enhance cardiac function, and reduce cardiac fibrosis. Furthermore, studies have demonstrated the role of oxidative stress as an important regulator of pro-fibrotic processes in the heart.[@b59-dddt-10-2095] The study by Suzuki et al[@b53-dddt-10-2095] showed ameliorated hyperglycemia-induced cardiac fibrosis by treatment with antioxidant. In addition, Alam et al[@b51-dddt-10-2095] revealed the antifibrotic activity of sitagliptin in kidneys and heart of two kidney and one clip rats. Here, sitagliptin was able to protect the heart against diabetes-induced cellular injury and fibrosis probably through its dual ability to reduce chronic inflammation and improve the redox balance.

We hypothesized that the beneficial effects of sitagliptin in DCM might be associated with the modulation of the JAK/STAT pathway. To verify our findings, phosphorylated JAK2 and STAT3 were determined in the heart of diabetic and sitagliptin-treated rats. Diabetic rats exhibited marked increase in phosphorylation levels of JAK2 and STAT3 as seen in the immunohistochemically stained heart sections. Therefore, it is clearly apparent that diabetes induces upregulation of the JAK/STAT pathway in the heart of rats as recently reported in type 2 diabetic rats.[@b60-dddt-10-2095] JAK/STAT pathway is closely related to cardiac hypertrophy caused by heart failure, pressure overload,[@b10-dddt-10-2095] and isoproterenol administration.[@b30-dddt-10-2095] The upregulated JAK2/STAT3 signaling in the present investigation was positively correlated with the cardiac IL-6 levels. IL-6 transduces hypertrophic signals via gp130 predominantly to STAT3[@b15-dddt-10-2095] in cardiac myocytes and satellite cells.[@b61-dddt-10-2095] Therefore, the IL-6-gp130-JAK/STAT signaling pathway has a key role in cardiac hypertrophy.[@b30-dddt-10-2095] Compared with DCM rats, the phosphorylation levels of JAK2 and STAT3 in myocardium of rats treated with sitagliptin were declined. Because JAK/STAT signaling is induced by IL-6, the recorded down-regulation could be attributed to the anti-inflammatory effect of sitagliptin. Modulation of this pathway mediates the antifibrotic effect of sitagliptin in diabetic rat heart. Previous studies have demonstrated that inhibiting the JAK/STAT signaling pathway can decrease the synthesis of transforming growth factor-beta 1 in mesangial cells cultured in high glucose[@b12-dddt-10-2095] and type 2 diabetic rat heart.[@b60-dddt-10-2095] Transforming growth factor-beta 1 is a polypeptide that regulates cell growth and differentiation, and promotes myocardial fibrosis.[@b62-dddt-10-2095] These findings demonstrate that sitagliptin has a protective effect on diabetes-induced myocardial injury by down-regulating JAK/STAT signaling pathway.

Conclusion
==========

The present study demonstrates that sitagliptin exerts protective effects against DCM. Sitagliptin has shown strong modulatory effect against hyperglycemia-induced cardiac inflammation and oxidative stress via enhancement of antioxidant defenses and suppression of ROS production. In addition, sitagliptin showed strong antihyperglycemic and antihyperlipidemic effects, attenuated collagen deposition and cardiac hypertrophy, and reduced severity of histopathological lesions in heart of diabetic rats. The study provides evidence that the cardioprotective effect of sitagliptin is related to down-regulation of the JAK/STAT signaling pathway in diabetic rats. Thus, sitagliptin could be considered as a potential candidate for the prevention/management of DCM.
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![Effect of sitagliptin on (**A**) troponin I level and (**B**) CK-MB activity.\
**Notes:** Data are mean ± SEM (N=8). \**P*\<0.05 and \*\**P*\<0.01.\
**Abbreviations:** CK-MB, creatine kinase MB; SEM, standard error of the mean.](dddt-10-2095Fig1){#f1-dddt-10-2095}

![Effect of sitagliptin on serum lipid profile and cardiovascular indices.\
**Notes:** (**A**) Total cholesterol, (**B**) triglycerides, (**C**) LDL cholesterol, (**D**) vLDL cholesterol, (**E**) HDL cholesterol, (**F**) T cholesterol/HDL cholesterol, and (**G**) LDL cholesterol/HDL cholesterol. Data are mean ± SEM (N=8). \*\*\**P*\<0.001.\
**Abbreviations:** HDL, high-density lipoprotein; LDL, low-density lipoprotein; SEM, standard error of the mean; T cholesterol, total cholesterol; vLDL, very low-density lipoprotein.](dddt-10-2095Fig2){#f2-dddt-10-2095}

![Effect of sitagliptin on oxidative stress and antioxidant defense system parameters.\
**Notes:** (**A**) Malondialdehyde, (**B**) nitric oxide, (**C**) reduced glutathione, (**D**) superoxide dismutase, and (**E**) Catalase. Data are mean ± SEM (N=8). \**P*\<0.05, \*\**P*\<0.01, and \*\*\**P*\<0.001.\
**Abbreviations:** CAT, catalase; GSH, reduced glutathione; MDA, malondialdehyde; NO, nitric oxide; SEM, standard error of the mean; SOD, superoxide dismutase.](dddt-10-2095Fig3){#f3-dddt-10-2095}

![Effect of sitagliptin on cardiac IL-6 levels.\
**Notes:** Data are mean ± SEM (N=8). \*\*\**P*\<0.001.\
**Abbreviations:** IL-6, interleukin-6; SEM, standard error of the mean.](dddt-10-2095Fig4){#f4-dddt-10-2095}

![Effect of sitagliptin on histological changes in the heart of control and diabetic rats.\
**Notes:** Photomicrographs of H&E-stained heart sections of (**A**) control rats; (**B**) sitagliptin-treated rats showing normal heart tissue with normal features of myocardium cells, blood vessels, and endomysium; (**C**) diabetic rats revealing focal areas of myocardium degeneration (red arrow) and many myocardium cells degeneration (black arrow); and (**D**) sitagliptin-treated diabetic rats showing few myocardial cell degenerations (black arrow). Magnification ×400.\
**Abbreviation:** H&E, hematoxylin and eosin.](dddt-10-2095Fig5){#f5-dddt-10-2095}

![Effect of sitagliptin on collagen deposition in the heart of control and diabetic rats.\
**Notes:** Photomicrographs of Masson's trichrome-stained heart sections of (**A**) control rats, (**B**) sitagliptin-treated rats showing normal distribution and normal amount of cardiac fibrous tissue (arrow), (**C**) diabetic rats showing large patches of strong fibrous tissue reactivity (arrow), and (**D**) sitagliptin-treated diabetic rats showing small patches of fibrous tissue (arrow). Magnification ×400.](dddt-10-2095Fig6){#f6-dddt-10-2095}

![Effect of sitagliptin on JAK2 phosphorylation in the heart of control and diabetic rats.\
**Notes:** Photomicrographs of pJAK2-immunostained heart sections of (**A**) control rats, (**B**) sitagliptin-treated rats with the absence of immunopositive cytoplasm or nuclei (arrow), (**C**) diabetic rats showing strong immune reactivity of myocardium cells nuclei (arrows) and moderate immune reaction of the cytoplasm (arrow head), and (**D**) sitagliptin-treated diabetic rats showing few immunopositive nuclei (arrow). Magnification ×400.](dddt-10-2095Fig7){#f7-dddt-10-2095}

![Effect of sitagliptin on STAT3 phosphorylation in the heart of control and diabetic rats.\
**Notes:** Photomicrographs of pSTAT3-immunostained heart sections of (**A**) control rats, (**B**) sitagliptin-treated rats showing the absence of immune positivity especially from the nuclei (arrow), (**C**) diabetic rats showing strong immune reactivity of almost all of myocardium cell nuclei and the endocardium endothelium cells (arrows), and (**D**) sitagliptin-treated diabetic rats showing many immunopositive nuclei of both endocardium endothelium and myocardium cells (arrows). Magnification ×400.](dddt-10-2095Fig8){#f8-dddt-10-2095}

###### 

Effect of sitagliptin on BW, HW, and blood glucose in control and diabetic rats

                           BW (g)        HW/BW ratio                                                    Blood glucose (mg/dL)                                                                                                      
  ------------------------ ------------- -------------------------------------------------------------- ---------------------------------------------------------- --------------------------------------------------------------- ---------------------------------------------------------------
  Control                  166.92±4.49   269.60±6.58                                                    0.39±0.02                                                  95.40±4.85                                                      93.66±4.47
  Sitagliptin              150.33±5.89   296.51±9.71                                                    0.40±0.16                                                  99.74±3.71                                                      93.49±4.75
  Diabetic                 161.20±3.77   142.10±6.62[\*\*\*](#tfn3-dddt-10-2095){ref-type="table-fn"}   1.01±0.22[\*\*](#tfn2-dddt-10-2095){ref-type="table-fn"}   307.00±11.45[\*\*\*](#tfn3-dddt-10-2095){ref-type="table-fn"}   444.12±14.35[\*\*\*](#tfn3-dddt-10-2095){ref-type="table-fn"}
  Diabetic + sitagliptin   170.83±3.91   214.67±8.61[\#](#tfn4-dddt-10-2095){ref-type="table-fn"}       0.48±0.06[\#\#](#tfn5-dddt-10-2095){ref-type="table-fn"}   322.50±16.71                                                    177.83±10.55[\#\#\#](#tfn6-dddt-10-2095){ref-type="table-fn"}
  *F* probability          \>0.05        \<0.001                                                        \<0.05                                                     \<0.001                                                         \<0.001

**Notes:** Data are mean ± SEM (N=8).

*P*\<0.01 and

*P*\<0.001 for control and

*P*\<0.05,

*P*\<0.01, and

*P*\<0.001 for diabetic.

**Abbreviations:** BW, body weight; HW, heart weight; SEM, standard error of the mean.
